ABSTRACT Although the mechanisms of G-induced stresses on the spinal structure of military pilots are well understood, less is known about relationships between the intensity of physical activity, fitness, occupational musculoskeletal symptoms, and the degree of resulting disabilities. During an aeromedical examination, Finnish military pilots answered a questionnaire on their flying experience, the occurrence of flight duty-related pain, the degree of resulting disabilities, and the intensity of physical activity they conducted. 195 males were selected for further analysis. They were divided into three groups, designated high G, low G, and HQ, according to their current flight duty profile. 93% of pilots who had passed fighter lead-in training reported flight duty-induced musculoskeletal disorders. The high-G group exhibited the highest aerobic capacity ( p < 0.001) and muscular fitness scores ( p < 0.001). The fittest individuals suffered markedly fewer disabilities than their less fit counterparts ( p = 0.005). Flight hour accumulation among the subjects in the high-G group was associated ( p = 0.010) with the occurrence of flight duty-induced disabilities. The fittest pilots flew aircraft that induce the heaviest accelerations. They also reported more musculoskeletal pain than the other pilots. Yet they seemed to experience fewer disabilities, which highlights the importance of physical training in the maintenance of operational readiness.
INTRODUCTION
Spinal symptoms, caused by exposure to acceleration or G forces, are common in military aviation. [1] [2] [3] [4] [5] [6] [7] [8] To maintain situational awareness 9 in air combat, a fighter pilot needs to constantly scan the airspace. The advent of sophisticated targeting and weapon cueing systems has not rendered high-G maneuvering unnecessary. Sustained high-G forces and simultaneous check-six positions of the cervical spine result in musculoskeletal symptoms. 5, 10 This, combined with a cramped cockpit, largely static sitting posture and the carriage of helmet mounted devices 11 may increase a pilot's workload and cause acute or even chronic spine problems.
Musculoskeletal disorders are considered the primary health problem among military pilots. 12 The prevalence of flightinduced musculoskeletal symptoms among active pilots ranges from 32% 2,13-15 to 89%. 5, 12 It has been found that each consecutive increase of flight time by 100 hours increases the risk of spinal pain by 6.9 %. 16 20% of pilots of highperformance aircraft suffer from disabilities that affect their capability of carrying out their flight duty. 2 High-G missions may lead to cervical degeneration similar to that observed among elderly people, yet more prematurely. 6, 17 A junior mission qualified pilot may experience more cervical problems and thoracolumbar pain than a non-G-exposed control (pilot or nonpilot) in the same age range, but age is not a good predictive factor. 6, 14 The sole evidence, based on predictor evident, seems to be the total number of flight hours in general and time spent under high-G exposure 13, 14, 18 in particular. It is well documented that G exposure causes degeneration of the spinal structure 6, 17, 18 and increases a pilot's workload. 1, 10, 14, 19 However, there is little evidence of relationships between occupational musculoskeletal symptoms and the degree of disabilities, physical fitness, and the intensity of physical activity. 4, 5 The Israeli Air Force has reported that good endurance and admittance to pilot training are related factors in a preselection phase, but no follow-up results are available. A Swedish study shows that pain-free fighter pilots have better neck muscle strength than their symptomatic colleagues. 21, 22 The Russians have determined that early rehabilitation is effective in enhancing the occupational performance of pilots, but more than just recording health issues in aeromedical examinations should be done to predict occupational health trends. 23 Little evidence that would clearly indicate associations between pilots' physical fitness and occupational musculoskeletal morbidity has been found, although benefits of physical training have been reported. 2, 12, 16 The aim of the study was to examine the occurrence of flight-induced musculoskeletal symptoms among military pilots and relationships between these symptoms, physical fitness, intensity of physical activity, and flight hours. The study also looked at the degree of disabilities that can be traced to these occurrences both on duty and off duty.
METHODS

Subjects
The pilots (n = 267) filled in a questionnaire during an annual aeromedical examination in the local aeromedical center. 195 males who had attended compulsory fitness tests over the preceding 6 months were selected as subjects. They gave their consent for the use of their personal flight service data. The study protocol was approved by the Ethical Committee of the Central Finland Health Care District. The subjects were divided into three groups based on physical loads they had been exposed to over the preceding 6-month period. The high-G group consisted of pilots (N = 113) of highperformance aircraft. Most pilots in the low-G group (N = 43) flew propeller aircraft. The subjects in the HQ group (N = 39) held headquarters' posts and did not fly actively. The mean (±SD [standard deviation]) age in the HQ group was 39 ± 6 years, in the low-G group 34 ± 7 years, and in the high-G group 30 ± 5 years ( p for trend < 0.001). The subjects' body mass index (BMI) ranged from 25.2 (2.1) in the HQ group to 24 (1.8) in the high-G group ( p for trend < 0.001). 17% of the subjects used tobacco, and there was no difference between the groups in this respect ( p = 0.91).
Procedure
The subjects' flying experience including total hours with the air force was determined. This total included flight times from takeoff to touchdown, hours in different aircraft types, flight experience in years, and the type of aircraft flown primarily when holding different postings. Proportional flight hour accumulations were unclassified and are shown in Table I (8, 20) , and 9 (6, 13) years in the HQ group, low-G group, and high-G group, respectively.
Measurements
Maximal aerobic capacity was measured using a bicycle ergometer (Ergoline, Bitz, Germany). The workload of 50 W at the outset was increased by 25 W at every second minute until exhaustion. 24 Heart rate was recorded continuously using a heart rate monitor (Pollar Electro, Kempele, Finland). Volitional exhaustion was used as the main criterion to indicate the attainment of VO 2max . The highest mean VO 2 over a 1-minute period was set as VO 2max . Exhaustion was verified by applying two criteria: (1) respiratory exchange ratio (RER) above 1.05 and (2) ratio of perceived exertion of more than 17.
Muscular fitness was determined by repetitive dynamic situps, push-ups, squats, and an isometric maximal hand grip test. 9 The push-up test measures the performance of arm and shoulder extensors and trunk muscles that stabilize the trunk during performance. 3, 25, 26 The sit-up test measures the performance of the abdominal and hip flexors, [27] [28] [29] whereas repeated squats measure the performance of the hip and knee extensors. 30 The subjects were instructed to perform as many repetitions as they were able to do during a 60-second period. Between each test, a 5-minute recovery period was allowed. Only repetitions done with the correct technique were counted.
The subjects estimated the intensity of physical activity they had conducted over the preceding 6 months in terms of endurance and strength exercises and other daily occupations such as commuting on foot or bicycle, logging, and hunting. Results were given as weekly hours of physical activity.
The location of flight-induced musculoskeletal symptoms over the past 6 months was marked in each subject's pain observation chart. The degree of resulting disabilities was assessed using Visual Analog Scales (VAS 0-100 mm). 22, 31, 32 This yielded degree of disability, both on duty and off duty, for each subject.
The existence of occupational cervical spine degeneration status was questioned separately. To obtain this national status, a pilot should meet the following criteria: (1) the intensity and duration of exposure must be sufficient (usually more than 4G regardless of flight hours); (2) the pilot must have suffered acute neck pain in flight; (3) cervical spine pain must have appeared after the commencement of active military flying; and (4) X-ray or magnetic resonance images must display premature degenerative changes that are not caused by any other disease or trauma and are sufficient to preclude prolonged or sustained high-performance military flying. Table II shows that there was no difference in terms of endurance-type physical activity between the groups, whereas the number of weekly hours spent for strength exercises differed between the groups ( p < 0.001). Physical fitness tests showed significant statistical differences between the groups, the subjects in the high-G group being the fittest (Table II) . 93% of pilots who had passed the fast jet training phase reported 1 or more location where they had sustained flightinduced musculoskeletal pain. 85% (95% CI:77-91) of the high-G group, 72% (95% CI:56-85) of the low-G group, and 49% (95% CI:32-65) of the HQ group had experienced these symptoms over the past 6 months ( p < 0.001).
RESULTS
Using national classification criteria, as described in the Methods section, the prevalence of occupational cervical spine degeneration disease status was 4% (95% CI:2-8). The HQ group had higher ( p < 0.009) occupational disease status than the other groups (10% for HQ vs. 7% for low-G and 1% for high-G groups). The risk of symptoms in the cervical, thoracic, and lumbar spine increased linearly ( p = 0.043, p = 0.031, and p = 0.006, respectively) with daily workload (Table III) . The degree of disability (VAS), both on duty and off duty, among subjects who reported disability because of flightrelated symptoms (N = 145) is shown in Figure 1 . Median VAS level on duty was 12 mm (IQR 3;38 mm) and off duty 16 mm (3;43 mm). The highest levels were almost 80 mm. There was no statistically significant difference in a trend in on duty degree of disability ( p < 0.18, age, and BMI adjusted) between the groups, however, there was an increasing trend in off duty degree of disability levels after subjects had moved to less strenuous flight duties ( p < 0.001, age, and BMI adjusted). One-third of the subjects suffered from major disability (VAS > 30 mm).
Age, BMI, VO 2max , muscular fitness test scores, tobacco use, flight hours, and their accumulation over the past 6 months were included in the model used to explain degree of disability on duty and off duty. No significant statistical predictor in regression model was found to account for degree of disability off duty. The only statistically significant independent predictor for degree of disability on duty was the percentage of high-performance flight hours of total flight hours ( p = 0.01).
DISCUSSION
Physical Performance and Occupational Musculoskeletal Disorders
Even though the physical fitness of the subjects was good in average, it was only satisfactory when compared to evident athlete-level existing workloads during high-G missions. 28 Over 90% of the agile jet phase passed subjects reported flight duty-induced musculoskeletal symptoms, which is one of the highest percentages in the world compared to international aeromedical literature. Another significant finding is that the fittest pilots suffered remarkably less from disabilities than their less fit counterparts-whose physical fitness was still average. Therefore, it seems that physical training is highly beneficial for a fighter pilot who aims at maintaining adequate occupational competence and health.
Subjects in the high-G group had more flight-induced musculoskeletal symptoms than the subjects in the two other groups. This is in line with their daily workload. Symptoms in the lumbar spine area became more infrequent after subjects had moved to fly missions that involved reduced physical loads, but the occurrence of symptoms in the cervical and thoracic spine area did not show a proportional downward trend. It is noticeable that over one-third of the subjects suffered from flight-induced symptoms such as numbness and tingling in their upper extremities. Thus, it is possible that symptoms experienced by younger pilots who are exposed to high accelerations almost on a daily basis are primarily caused by local fatigue in spinal soft tissues, i.e., in stabilizing muscles, tendons, and ligaments. 19 Symptoms experienced by occupationally ageing pilots may be more related to fastprogressing premature degenerative changes 11, 25 because of long-term G exposure.
Disability and its Relationship to Physical Fitness
The degree of disability had more influence on off duty than on duty activities. Subjects in the high-G group, who were the fittest, seemed to suffer a lot of flight-related musculoskeletal pain, but remarkably few disabilities. The degree of disability among subjects who had reported spinal pain was 30 mm VAS in the HQ and low-G groups. Even though the degree of disability among symptomatic subjects only approached the VAS level of 30 mm, it is noteworthy that disabilities at this level are classified as moderate. 31, 33 In addition, almost 30% of the subjects suffered from harmful and disabling pain, a percentage slightly higher than suggested in literature. 2 In any case, most subjects were affected by flight-induced symptoms. The disabling effects of these symptoms seemed to become accentuated when off duty and with age.
Although there were differences in physical fitness between the groups, all subjects were very fit, 9 but this measured level of fitness was only satisfactory compared to athletic-level performance required in physiologically "combat-flying-like" sports, [34] [35] [36] [37] [38] where extreme power production during performance with both high anaerobic or aerobic capacity are essential. The intensity of physical activity, exercise, and smoking habits was not found to be related to flight-induced musculoskeletal symptoms. Even though these interrelated issues, when it comes to military pilots, are little discussed in literature, results presented in available reports are well in line with those of this study. 18 To improve occupational health of pilots, more specific fitness measurement and physical training methods may be proven useful. 39 The present fitness tests were developed to measure physical performance of infantry men in the first place, and therefore they are not adequate for assessing performance of those areas-such as the lower back and neck-of the human body where flightinduced symptoms commonly appear.
The findings regarding the predictive value of the amount of high-performance flight accumulation as an exposure for the musculoskeletal symptom progression is congruent with the earlier studies. 18, 40 Therefore, it may be worthwhile putting more effort on developing both flight training syllabi and well-planned fitness training, aimed at strengthening the neck and lower back muscles in particular, to prevent the occurrence of symptoms.
Limitations of the Present Study
Case-controlled or randomly controlled trial design was not possible to utilize and pilots with no G exposure were not available in this study. Thus G-adjusted effects on physical performance and flight-induced symptoms or disabilities cannot be verified. Second, security regulations may limit the value of the study's conclusions.
CONCLUSIONS
The present results reflect the common characteristics of modern and demanding flight training syllabi that induce physiological overload on the human body. The occurrence of flight-induced musculoskeletal symptoms is very high. Ageing pilots seem to suffer from persistent spinal problems, especially in the cervical area, despite reduction in daily flight duty-induced workload. It is important to understand that military pilots are generally quite fit, but military flying appears to induce loads sufficient to generate musculoskeletal symptoms and symptom-induced disabilities. Moderate or even good overall physical performance measured in fitness tests used in the military may not be enough to maintain occupational health among pilots.
More accurate methods for measuring each individual's workload, fitness, and recovery status are needed as part of the planning of daily flying programs. Because every pilot undergoes the same basic flight training syllabus up to the jet trainer phase, extra care should be taken to prevent and detect musculoskeletal problems, determine their severity, and plan rehabilitation programs in the early phases of training before high-G exposure.
Nevertheless, because the fittest pilots tend to suffer fewer disabilities, professionally coached and health-promoting physical training will likely bring benefits. Occupation-specific physical training during basic flight training should be arranged to reduce flight-induced disabilities. In addition, modifications to advanced flight training syllabi should be considered for the better control of individual pilots' workload. Both issues should be discussed between physical training, aerospace medicine, flight training, and flight safety professionals, and necessary improvements should be initiated to enhance the physical fitness of pilots and thereby reduce musculoskeletal symptoms. Finally, it is recommended that physical workload, G forces accumulation, and fitness level are considered in planning of flight training syllabi. This would ensure appropriate control of workload and recovery and minimize the occurrence of detrimental flight-induced musculoskeletal disorders.
